Abstract. In this paper an e ective technique of camera calibration based on a 3D-point-grid is presented. The properties of structured space points, de ned as 3D-point-grid, and their relations under perspective transformation are analyzed. Upon the correspondence between these 3D-points and their image points a calibration is made not only to compute the parameters of camera model by a linear method simply from the independent points in 3D-point-grid but also to verify, modify and regulate extrinsic parameters of the orientation and position simultaneously from the structure constraint implied in these points. On the basis of the veri cation, modi cation and regulation the intrinsic parameters of camera can be computed with more objective criteria. Experimental results show the necessity and advantage of the veri cation and modication of the orientation and position parameters, and prove that our calibration technique can improve the accuracy of both extrinsic and intrinsic parameters greatly.
Introduction
Camera calibration is the process of determining the internal camera geometric and optical characteristics ( represented by intrinsic parameters such as focus f, center C x , C y and scale factor s x etc. ) and/or the 3D position and orientation of the camera relative to a certain world coordinate system ( called extrinsic parameters like rotation matrix R and translation vector T ). For a real camera this process includes also a determination of distortion parameters. A lot of papers dealing with the computation of these parameters have been published, e.g. Tsai86 In most cases the extrinsic and intrinsic parameters are computed by neglecting the distortion. The intrinsic parameters can be veri ed by some physical methods. But the orientation and position are di cult to verify unless there are exact mechanical settings such as CMM in BM91]. The methods in above listed papers are based on a sequence of correspondent 3D-and 2D-points, but no relationship exists among them, or has been considered and used. The veri cation of the model parameters can only be made until after all the parameters are computed.
Upon these considerations, a more e ective technique, which uses structurerelated space points during calibration with the process of veri cation, modication and regulation, is proposed in this paper. It is proceeded as follows: (1) analysis of the structure of 3D-point-grid, its relation to the transformation parameters , its construction and location of its image counterpart; (2) improved calibration of camera parameters and results; (3) conclusions.
2 3D-Point-Grid 2.1 De nition Suppose a sequential triple set L = f(i; j; k), i = 1; :::; M, j = 1; :::; N, k = 1; :::; Lg, x; y and z are the unit lengthes along the three orthogonal directions in space R 3 , then the set Q = f(i x; j y; k z), (i; j; k) 2 L g is de ned as a 3D-point-grid, L is its label set. When (I 0 ; J 0 ; K 0 ) 2 L is chosen as the origin of a coordinate system, f((i ? I 0 ) x; (j ? J 0 ) y; (k ? K 0 ) z), (i; j; k) 2 L g is the coordinates set of Q. Coplanar and perpendicular relation Let i = I 1 and j = J 1 , then we get two subsets q I1 = f (I 1 x; j y; k z), j = 1; :::; N, k = 1; :::; L g and q J1 = f (i x; J 1 y; k z), i = 1; :::; M, k = 1; :::; L g respectively. They form two planes I1 and J1 with I1 ? J1 . In the same way we can get q K1 and its K1 , and J1 ? K1 or K1 ? I1 . 2.3 The relations among parameters of orientation and position from 3D-point-grid Between subsets of the coplanar points that form parallel planes Generally, if any coordinate system takes a point in 3D-point-grid, that is x w , y w and z w away from its previous origin in x, y and z direction respectively, as its current origin and is acquired by translation in three directions, we have R 1 = R 0 ; T 1 = T 0 + R 0 ( x w ; y w ; z w ) T (1) in which y w = z w = 0 corresponds to the situation of parallel plane in x direction, while x w = z w = 0, x w = y w = 0 to y and z direction respectively.
Characteristics in structure
Between subsets of coplanar points that form perpendicular planes Suppose that an origin is selected with a label (I 0 ; J 0 ; K 0 ), then (see Fig. 1 . The rotation matrices of these coordinate systems, which transform points in coordinate systems O, I, II, III into camera coordinate system, are supposed to be R 0 ; R 1 ; R 2 ; R 3 , then (i) if R ij stands for a matrix that transforms a point (x i ; y i ; z i ) from ith coordinate system into jth coordinate system, then the matrices for the coordinate transformations among O, I, II and III are listed in Table 1. (ii) if a point in coordinate system I is transformed into coordinate system O, and then to camera coordinate system, then the rotation matrices have relations R 1 = R 0 R 10 . Similarly we have R 1 = R 2 R 12 , R 1 = R 3 R 13 . Same relations hold for other coordinate systems and can be concluded in Table 2 (a).
Construction of 3D-Point-Grid and extraction of image points
In experiment a 3D-point-grid Q = M I1=1 (q I1 ) is constructed by the horizontal movement of a square pattern, or specially made cube with surfaces of square patterns, as shown in Fig.2 . By steps: (1) subpixel edge detection; (2) edge tracing; (3) corner detection; (4) computation of corner-coordinates (see Zhang96] ), the image points can be extracted. Case of perpendicular planes The veri cation can be made by checking the relations listed in Table 1 . And furthermore based upon these relations, R ij s can be modi ed by the process listed in Table 2 (b). The verifying results in cube-suface experiment are given in Table 3 . and its minimization acts as a goal to the regulation of T j . In our experiment the origins of the world coordinate systems are selected at the top-right corner of the top-right square (see Fig.3(a) ), D (j+1)j =Z (j+1)j .
The results show that jT 2 ? T 1 j, jT 3 ? T 2 j in Table 4 are much nearer to the real distances. Figure 4 gives the shape and contour of the objective function at nal iteration, in which the minimium corresponds to optimal values of T i , f and C y .
Case of perpendicular planes In this case, when the coordinate systems are chosen on each plane, as shown in Fig. 3(b Table 5 .
Finally improvements are made by optimalization of the total residiual error of all correspondent 2D-and 3D-points for the image center (C x ; C y ). Distortion parameters k 1x , k 2x , k 1y and k 2y are computed based on Tsai's Radial Alignment Constraint model. A set of calibrated parameters are given in Table 6 . 
Conclusions
A method of camera calibration that computes the parameters from 3D-pointgrid, a group of structure related 3D points, is proposed in this paper. According to objective criteria deduced from the 3D-point-grid the camera extrinsic parameters are veri ed, modi ed and regulated. Based on the accurate estimation, the intrinsic parameters of the camera continue to be optimized. It is proved experimentally that our method can improve the accuracy of both extrinsic and intrinsic parameters greatly. The method can be applied not only in a well-de ned lab situation but also in a nature scene with a precisely made structure-pattern. 
